Over the last three decades, significant investments made to upgrade wastewater infrastructure and manage pollution from diffuse sources have resulted in measurably improved water quality and biological conditions in Ohio's rivers and streams. Conservation measures to reduce soil loss appear to have contributed significantly to the improvement witnessed over the last two decades and should therefore be continued. Within the most recent timeframe examined, little difference was found in either total phosphorus or suspended sediment concentration in relation to conservation measures, indicating that the environmental benefits of measures targeting soil loss may be approaching an asymptote. Conservation measures targeting livestock and forage management, however, appear to have reduced nitrogen concentrations within the recent time frame. An examination of the interrelationships between habitat quality, conservation measures, and land use indicated that water quality was generally mediated by interactions with stream habitat quality. However, the positive effect of habitat quality was reduced in catchments draining fine-textured soils. The implication of these latter two findings suggest that proscriptively adding natural function to the large network of ditched and maintained conveyances draining agricultural lands would substantially improve water quality, but management at the field level is necessary to minimize phosphorus losses.
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Measuring the Contribution of Agricultural Conservation Practices to Observed Trends and Recent Condition in Water Quality
Indicators in Ohio, USA Robert J. Miltner* S ignificant efforts to reduce sediment (and, in pass- ing, phosphorus) pollution from agricultural sources were initiated in the 1980s and expanded in the early 2000s (Reimer, 2013) . These efforts have led to significant reductions in suspended solids and total phosphorus (TP) in Ohio rivers (Richards et al., 2009) , especially after 1990. Despite decreasing concentrations of TP, the fraction in dissolved form has been increasing (Ohio EPA, 2010; Baker et al., 2014; Obenour et al., 2014) , contributing to a resurgence of algal blooms in Lake Erie. The return of eutrophic conditions in Lake Erie, along with the well-documented problem of hypoxia in the Gulf of Mexico due to agriculturally derived nutrient loads from the Mississippi River basin, have called into question the efficacy of conservation programs for water quality (Sohngen et al., 2013) . Contributing to this view is the fact that because conservation measures (commonly referred to as best management practices [BMPs] ) are widely distributed, broadly prescribed, and voluntarily adopted and because water quality monitoring programs tend to lack spatial and technical rigor (USEPA, 2002) , documenting links between conservation measures and water quality improvement within specific catchments has been difficult (Meals et al., 2010; Tomer and Locke, 2011) .
The effectiveness of individual BMPs in field trials has been well documented (Tomer and Locke, 2011) and compiled into various handbooks (e.g., Miller et al., 2012; Simpson and Weammert, 2009) , and in broad strokes the overall intended effect on reduced sediment and TP concentrations in surface waters, as previously mentioned, is evident (Matisoff et al., 2002; Richards et al., 2009) . Where BMP effectiveness on water quality has been assessed using data from a spatially rigorous monitoring program in concert with farm-level BMP data (Christensen et al., 2012) , the amount of land retirement within the riparian zones of Minnesota River basin streams was positively correlated with an indicator of fish assemblage quality and negatively correlated with total nitrogen, but the results for phosphorus and sediment were equivocal. Temporal lags or equivocal results in phosphorus or sediment response to BMPs may result from high soil P content (Meals et al., 2010) , or phosphorus and sediment concentrations may be driven by channel storage and erosion ( Jarvie et al., 2012; Tomer and Locke, 2011) . Collectively, the results from these studies suggest that long-term monitoring is needed to detect water quality trends associated with widely distributed BMPs, but spatially dense sampling is required for comparative, retrospective assessments.
Beginning in 1979 and continuing through the present, biological and water quality monitoring of Ohio's surface waters by the Ohio Environmental Protection Agency has yielded a large data set that can be used to test for temporal trends. Moreover, during the last 15 yr sampling was expanded to include a greater proportion of headwaters, such that a spatially dense but geographically well-distributed data set exists that can be used to gauge the success of contemporary water quality management. Hence, the aims of this study are (i) to describe trends in water quality indicators observed in headwaters over the last three decades in light of contemporaneous water quality management (i.e., point source abatement during the 1980s and 1990s and agricultural BMPs in the 1990s and 2000s) and (ii) to test in contemporary samples (i.e., data collected within the last decade) if observed water quality is associated with BMPs and, if so, to determine the nature of that association.
Materials and Methods

Monitoring Observations, Study Area Characteristics, and Conservation Practices
Watersheds in Ohio are sampled on a rotating basis, such that few sites within a given watershed have repeat visits between years within a decade. A typical watershed survey includes 15 to 20 Huc-12 units, and each Huc-12 unit receives two to three individual sampling locations. Hydrologic units, as described by Seaber et al. (1987) , form a nested hierarchy within major drainage basins, wherein the first two digits of the hydrologic unit code designate a major drainage basin (e.g., 05 represents the Ohio River basin), the next two digits define principal rivers within a major basin (e.g., 0506 is the Scioto River in Ohio), and so forth down to 12-digit units that primarily represent terminal catchments averaging approximately 70 km 2 (27 mi 2 ). Headwaters are defined here as streams with drainage areas less than 51.8 km 2 (20 mi   2 ). For a given site sampled in a given year, water samples for nitrate + nitrite (NOx), total Kjeldahl nitrogen (TKN), ammonia nitrogen (NH3), total phosphorus (TP), total suspended solids (TSS), and total dissolved solids (TDS) were sampled four to six times between 15 June and 15 October during ambient conditions. Laboratory methods followed those established by USEPA, with detection limits for NOx, TKN, NH3, TP, TSS, and TDS being 0.10, 0.20, 0.05, 0.01, and 5.0 mg L Fish assemblages were sampled one to three times (usually once) using generator-powered, pulsed DC electrofishing units and a standardized methodology (Ohio EPA, 1987 , 1989a 1989b; Yoder and Smith, 1999) . Fish community attributes were collectively expressed by the Index of Biotic Integrity (IBI) (Karr, 1981; Karr et al., 1986) as modified for Ohio streams and rivers (Yoder and Smith, 1999; Ohio EPA, 1989a) . Index of Biotic Integrity scores are categorized into the five level III ecoregions that comprise Ohio as originally defined by Omernik (1987) : the Huron-Erie Lake Plain (HELP), the Erie-Ontario Lake Plain (EOLP), the Western Allegheny Plateau (WAP), the Interior Plateau (IP), and the Eastern Corn Belt Plains (ECBP). Physical habitat was assessed using the Qualitative Habitat Evaluation Index (QHEI) (Rankin, 1995; Ohio EPA, 2006) at least once in a given year. The QHEI is a qualitative visual assessment of the functional aspects of stream macrohabitat (e.g., substrate quality, amount and type of cover, riparian width, siltation, and channel morphology). The substrate metric of the QHEI is ranked on a 20-point scale based on the size composition of bed material (e.g., boulder-cobble-sized material scores higher than sand and gravel), the total number of substrate types present, substrate origin (e.g., outwash, limestone, sandstone, or shale), and the degree to which silt or fines cover or embed the parent substrate. Summary information for the water quality and environmental indicators is presented in Supplemental Table S2 .
Ohio is densely populated, and land use is dominated by agriculture, especially in the western half of the state (Fig. 1a) where corn and soybeans are the primary row crops (8.2 million acres; ~91% of all crop acreage). Land use within a Huc-12 was extracted from 2006 Landsat imagery. The percentage of agricultural land use was given as land classed as row crops and pasture/ hay, and impervious cover within a Huc-12 was given as all residential and commercial/industrial/transportation uses. Baseflow index values were taken from a USGS raster grid (Wolock, 2003) by joining raster values to sampling points. A relative baseflow index for a Huc-12 was then created by taking the log10 of the raster values multiplied by the drainage area of individual sampling locations and averaging by Huc-12. Similarly, soil characteristics describing the available water storage capacity in the 0-to 100-cm horizon and the weighted average slope from the Natural Resources Conservation Service (NRCS) State Soil Geographic Database (Schwarz and Alexander, 1995) for Ohio were joined to sampling points and averaged by Huc-12. These two soil characteristics were selected because they were the continuous numeric variables with the fewest zero values and because the several variables that describe available water storage capacity were collinear.
Ammonia loads within a Huc-12 were calculated from monthly operating reports submitted by National Pollution Elimination System permit holders discharging to headwaters.
The total load within a Huc-12 was calculated for the months of June through October for the years 2008 to 2013, averaged by year, and expressed as a log 10 value. Ammonia loads were used as a general proxy for wastewater loadings because ammonia is a parameter that is routinely reported (other parameters, such as TP or NOx, are not necessarily required), and it is tightly correlated with biochemical oxygen demand, the one other parameter that is commonly reported.
Ohio conservation practices were provided by the NRCS. These practices were furnished by year and aggregated by 12-digit hydrologic units to preserve the anonymity of individual farmer operations. Because 208 individual practice codes were furnished in the data set, individual practice codes were further grouped by function based on descriptions provided in NRCS practice code guides (Table 1 ; Supplemental Table S1 ). Because practices are expressed either as linear feet (e.g., fencing, shelterbelts), acres (e.g., tillage-related practices, filter strips), or number (e.g., manure management plans), the practices within a functional grouping from Table 1 that were applied within a given Huc-12 for the years 2003 to 2013 were summed and normalized by dividing the resulting sum by the product of the watershed area and fraction of agricultural land use within the hydrologic unit. The resulting normalized sum was log 10 transformed. Several individual practices made up the majority of all applied practices, and those practices formed two dominant gradients. Specifically, practice code 382 (fence) represented 22% of summed practices, and practice codes related to tillage management or erosion control, namely 606 (subsurface drains), 386 (field border), and 380 (wind/shelter break), composed 40% of summed practices.
Statistical Analyses
Trends
Trends in water quality and environmental indicators over three decades were evaluated using a linear mixed model (R package nlme) (Pinheiro et al., 2015) , where fixed effects were ecoregion and decade (i.e., 1981-1992, etc.) and sampling location was considered a random effect. For each indicator, four models were compared; a null model containing only the random component and three that also included varying fixed effects. Competing fixed effects were ecoregion, decade, and decade nested within ecoregion. These initial models used maximum likelihood estimates of parameters. The most efficient model was considered as the one with the lowest value for Akaike's Information Criterion (AIC) and subsequently reparameterized using restricted maximum likelihood estimates. For subsequently selected models that included decade as an Table S1 .
effect, differences between successive decades were evaluated by comparing Bonferroni adjusted 95% confidence intervals constructed for the least-squares means (R package lsmeans) (Lenth and Herve, 2015) . Because nonconstancy of error variance was noted in at least one of the preliminary mixed models, a variance covariate term (Zuur et al., 2009 ) was included in competing mixed models after evaluating if either a fixed variance structure (i.e., residual variance increases over ordered fitted values; varFixed in the nlme package) or a constant structure (i.e., variance changed by decade; varIdent in the nlme package) improved a simple model (response ~ decade) in an ANOVA comparison of three models formulated under generalized least squares. Again, the most efficient model was taken as having the smallest AIC value. The geographic sampling frame for data included in the trends analysis was matched to the Huc-12 units where conservation practices were located, as described in the following section.
Detecting Effects of Functionally Grouped Conservation Practices
Because conservation practices were aggregated to Huc-12 units, water quality values, QHEI scores, and substrate metric scores (from the QHEI) sampled between 2003 and 2013 were averaged by Huc-12. Also, because conservation practices were rare in urban areas and mined or forested areas in southeastern Ohio, Huc-12 units with more than 20% impervious cover and less than 30% agricultural land uses were excluded from analyses, yielding 642 Huc-12 units.
The effect of a grouped conservation practice on water quality variables of interest (TKN, NOx, TP, and TSS) or the QHEI substrate metric was explored through boosted regression (R package gbm [Ridgeway, 2006] and R package dismo [Hijmans et al., 2014] ) using the gbm.step function in the dismo package. Boosted regression tree (BRT) analysis essentially combines two techniques: recursive partitioning and machine learning. Recursive partitioning, or tree models, partition data between response and predictor variables such that relatively homogeneous groupings of the response variable are binned by ranges of one or more predictors. In this regard, tree models are a method of deviance reduction. The machine learning, or boosting, aspect of BRT examines a series of tentative tree models constructed from a training subset of data and seeks to reduce residual deviance by iteratively fitting new trees from a sampled fraction of withheld data (Elith et al., 2008) . The predictive performance of a final model is judged using cross-fold validations. Boosted regression tree analysis is particularly well suited to complex environmental data sets because it examines and models regions of the data and interactions without a priori specification, unlike in general linear models where stratification has to be coded up front.
Grouped practices making up at least 1% of the total were included as predictors in the BRT analyses; however, one group (firebreaks and dikes) was geographically concentrated in the Portage River basin and was excluded from analysis. Other predictors included in the water quality models were QHEI scores, percent agricultural land (%Ag), percent impervious cover (%Imp), the baseflow index, wastewater loadings of ammonia nitrogen (NH3L), average soil slope (Slope), and water storage capacity in the 0-to 100-cm horizon (WSC); QHEI was not included in the BRT substrate model. The input settings used in the gbm.step function included a learning rate of 0.0001, a tree complexity of 8, a 0.5 bag fraction, and a 4-fold cross-validation. Learning rate is a weight applied to the parameter that minimizes the loss function; thus, slower learning rates (smaller values) require more iterations to achieve local minima. Tree complexity (interaction depth) is the number of nodes in a tree and should be sufficiently large to capture potential interactions (interactions between predictors are also evaluated after running a model). The bag fraction is the proportion of data randomly selected to propose the next expansion in a tree. The number of trees was identified as the point where predictive deviance was minimized during cross-validation. Important interactions were identified by using a call to the gbm. interactions routine in the dismo package. Variables contributing little information to respective models were identified by refitting each model after sequentially removing predictor variables and comparing changes in deviance reduction between the initial and sequentially re-fit models.
Results
Trends
Regarding the general linear models that examined the utility of including a variance structure term, a fixed variance structure term was indicated for the NH3, TKN, TP, and TSS mixed models. A constant variance structure term was suggested for the NOx mixed models, and no term was indicated for the TDS models (see Supplemental Table S3 for a list of models and corresponding AIC values). In the general mixed models with competing fixed terms, a nested model (decade within ecoregion) was selected for the IBI and all water chemistry parameters except TDS. For TDS, the error from the random component was greater than differences between decades or ecoregion. For the QHEI and substrate metric, the model including ecoregion as a fixed term was selected.
Comparisons of means within selected water chemistry models indicated that concentrations of NH3, TKN, TP, TDS, and TSS trended significantly lower across time periods ( Fig.  2 ; Supplemental Table S2), whereas NOx concentrations were similar. However, within ecoregion, directional trends were not always consistent, and between ecoregions they were not always similar. The largest incremental decreases in ammonia occurred in the EOLP and the IP between the 1980s and 1990s and in the HELP between the 1990s and 2000s. The largest incremental decreases in TP occurred between the 1990s and 2000s in four of the five ecoregions, the Interior Plateau being the exception. Total suspended solids concentrations trended downward in all ecoregions and generally across decades, but the trend was most distinct between decades in the ECBP where sample size was highest. Concentrations of NOx did not change across decades except for the EOLP, where an increase was observed such that by the 2000s, concentrations in the EOLP were similar to those in the ECBP and HELP. Changes in TKN concentrations generally tracked NH3 and TP across decade and ecoregion, and, although TKN concentrations in the HELP decreased significantly between the 1990s and 2000s, the HELP concentrations remained similar to or higher than what was observed in other ecoregions during the 1980s. Concentrations of TDS trended lower in the 2000s compared with the prior decades, but the difference was negligible in light of within-site variance.
Regarding differences between decades and within ecoregions, mean IBI scores mirrored the water quality trends (Fig. 2) . The largest incremental improvement occurred in the HELP between the 1990s and 2000s coincidental with significant improvements in NH3, TKN, and TP. In the ECBP, EOLP, and WAP, mean IBI scores improved incrementally between decades, coincidental with successive decadal improvements in overall water quality.
The small sample size for IBI scores in the IP from the 1980s (n = 4) may have obscured the overall trend, but the mean scores from the IP for the 1990s and 2000s were similar to their respective counterparts in the ECBP, EOLP, and WAP. The QHEI and the substrate metric showed no appreciable directional change and showed little difference across ecoregions except for the HELP, where QHEI and substrate scores, respectively, averaged 20 and 6 points lower than the other regions (Fig. 3) .
Effects of Functionally Grouped Conservation Practices
Performance summaries for each of the BRT models indicated that the model fit to TKN performed the best in explaining deviance (53.4%) and in having consistency between fits during cross-validation (Table 2) . The model fit to TP was the next best performing model, explaining 44.8% of the deviance in TP, with generally consistent fits during cross-validation (r = 0.50). Models fit to NOx, TSS, and the substrate metric all performed similarly with respect to explained deviance and correlations from cross-validated models. For perspective and to help gauge the summaries in Table 2 , studies similar in nature to this one have reported correlations from cross-validations in the range of ~0.40 to 0.90 and percent deviance explained in the range of ~20 to 85% (Clapcott et al., 2012; Smucker et al., 2013) .
Habitat quality, represented by the QHEI, was the most important predictor variable in the TKN and TSS models and the second most important predictor in the TP model (Table  2) , with concentrations of all three decreasing sharply across the range of habitat quality as shown in partial dependence plots ( Fig.  4 ; see also Supplemental Fig. S1 -S5 for all partial dependence plots). The average weighted soil slope gradient was an important variable in several of the BRT models ( Table 2) . Concentrations of TKN, NOx, and TSS were highest where slope gradient was near 0% (Fig. 4; Supplemental Fig. S1 , S3, and S4). In the model for substrate, slope gradient accounted for 43.1% of the modeled deviance, and substrate scores were abruptly the lowest when slope gradient was near 0% (Supplemental Fig. S5 ). Percent impervious cover accounted for the most deviance (18.0%) in the TP model and for 12.2% of the deviance in TKN concentrations. Percent agricultural land use was relatively important in accounting for NOx (12.6% of deviance) and TP (9.3% of deviance) concentrations.
Of the four groupings of BMPs included as predictors, BMPs related to fencing accounted for more deviance than any of the other three. The effect size of fence BMPs on TKN and TP was relatively modest, though not trivial, at least for TKN (Fig. 4 ; the range in fitted values for TKN over fence BMPs translates to roughly 0.1 mg L -1 ). Fence BMPs accounted for 10.7% of the deviance explained in the NOx model. Fence and tillage BMPs both had a positive effect of similar magnitude on the substrate metric (Fig. 5) . The minimal percent deviance explained by enhancement BMPs suggested it could be removed from any of the models without a loss in model performance. Fertilizer management BMPs appeared to lower substrate metric scores. However, fertilizer BMPs were geographically concentrated in three subwatersheds: Loramie Creek in west-central Ohio and Turkeyfoot Creek and Tiffin River in northwestern Ohio. The two subwatersheds from northwestern Ohio have sandy substrates, so the effect of fertilizer management on substrates likely was an artifact.
Several interactions were noted for each of the models (Table  2) , and several of the interactions involved either tillage or fence BMPs. Although TKN and TP were predicted to decrease over increasing levels of the QHEI, a 4-fold increase in TP was predicted when average water storage capacity reached 15 cm, regardless of habitat quality (Fig. 6a) .
Three of the five relatively strong interactions noted for the NOx model included ammonia loadings. The interaction between QHEI and the NH3L indicates that a relatively higher fraction of the nitrogen load is carried as oxidized nitrogen when habitat quality is good (Fig. 6b) . The interaction between fence BMPs and NH3L shows that NOx concentrations are lower across the domain of NH3L loads when fence BMPs are high, an indication that fence BMPs may reduce overall nitrogen loads. Fence BMPs showed an interaction with percent agricultural land use in both the NOx and substrate models ( Fig. 6c and 6d) , and in both cases, the BMP effect on either decreasing NOx concentrations or improving substrate scores occurred across the domain of agricultural land use. In the case of the NOx model, for a given level of agricultural land use, approximately two thirds of the predicted decrease in NOx concentrations occurred over the upper third of the BMP range. Similarly, modeled substrate scores increased in the upper third of the BMP range, but the response appeared as a threshold (Fig. 5 and 6d ).
Discussion
Trends
The incremental improvement in water quality observed in this study through successive decadal periods reflects major investments in water quality management. Concentrations of NH3 greater than 0.5 mg L -1 commonly observed in the 1980s were rare by the 1990s, a direct response of the large-scale upgrade to wastewater infrastructure. The effect of improved wastewater infrastructure was generally apparent across water quality parameters but was notable for TP where incremental decreases between the 1980s and 1990s mirrored that for NH3. QHEI:NH3L 11% fence:%Ag 9% † Cross-validation correlation is the mean correlation between fits made using training and validation data and is a measure of the predictive ability of the model. ‡ Percent deviance explained is a measure of how well the model fits the data. The contribution of individual predictors to the total deviance explained is given by percent relative deviance. § The predictor variables are base flow index (BFI), percent impervious cover (%imp), percent agricultural land use (%Ag), ammonia loads from wastewater treatment plants (NH3L), the Qualitative Habitat Evaluation Index (QHEI), average slope gradient (Slope), available water storage capacity in the 0-to 100-cm horizon (WSC), and the four broad groupings of conservation practices noted in Table 1 . Predictors of little importance to individual models are noted parenthetically. Nontrivial interactions between predicators are listed for each of the modeled variables. The relative influence of an interaction is given as the percentage of the total range in fitted values that the fits vary across the two predictors. ¶ NOx, nitrate + nitrite; TKN, total Kjeldahl nitrogen; TP, total phosphorus; TSS, total suspended solids. Secondary treatment removes more solids and dissolved organic matter than primary treatment, so even without dedicated phosphorus removal, secondary treatment reduces TP loads relative to primary treatment. Also contributing to the trend in phosphorus concentrations, low phosphorus detergents were required for the Lake Erie watershed and were phased in before 1990 (Hartig et al., 1990) .
Between the 1990s to the 2000s, incremental decreases in NH3 and TKN concentrations slowed, but the decrease in TP was highest between the 1990s and the 2000s for all regions except the IP (Fig. 2) . The difference in outcomes between NH3, TKN, and TP likely reflects the added effect of agricultural BMPs, given that NH3 and TKN concentrations would have been expected to follow suit with TP between the 1990s and 2000s had improved wastewater treatment been the sole agent. Further support for BMPs having a positive effect on water quality is evident in concentrations of TSS trending lower across all decades within ecoregions. Decreasing concentrations of TSS in long-term monitoring data from Ohio have been attributed to soil conservation measures (Myers and Metzker, 2000; Richards et al., 2009) . Differences in precipitation between decades can be excluded as a possible explanation for the incremental decrease in TP because precipitation was slightly higher in the 2000s compared with the 1990s. The average departure from normal
Fish IBI scores within ecoregion and across decades tracked water quality remarkably well. Most notably, IBI scores improved incrementally in the EOLP and ECBP where sustained improvement in TP and TSS concentrations also occurred, a result that suggests management aimed at diffuse sources contributed to improved biological condition. Although major improvements to wastewater infrastructure in the HELP were not completed until the 1990s, the increase in IBI scores between the 1990s and 2000s also likely reflects a contribution from agricultural BMPs given that the relative increase was similar to that observed between the 1980s to the 2000s in the other ecoregions, especially the ECBP and the EOLP. Keep in mind that the starting point for biological condition in the HELP was further back and that the increase took place despite a backdrop of poor in-stream physical habitat.
The trend of increasing NOx concentrations noted for the EOLP may reflect an increase in the amount of land serviced by tile drainage. Although records on the amount and rate of tile installation are lacking, tile drainage in the EOLP historically was not practiced systemically, at least relative to the HELP and ECBP, but is now being prescriptively encouraged to promote yields (Clevenger, 2010) .
Effect of Agricultural Best Management Practices on Water Quality and Habitat
Agricultural BMPs appeared to have reduced concentrations of TP and TSS between the 1990s and 2000s (Richards et al., 2009; Baker et al., 2014) . As such, one might expect TP or TSS concentrations sampled during the 2000s to show distinct responses when arrayed across a gradient of BMPs; however, the results from the BRT models suggest that BMPs had a relatively small effect on TP or TSS but a substantial effect on TKN and NOx. The most obvious explanation for this seeming paradox is that BMPs grouped under "fence" were the most important in predicting nitrogen concentrations in the BRT models (Fig.  4) . Fencing livestock from streams and managing pastures likely results in lower concentrations of organic nitrogen in the streams. Also, fence BMPs include practices to establish perennial forage systems (e.g., NRCS 511 and 512). Perennial forage systems improve soil quality (Karlen et al., 2006) and can reduce nitrogen loss when included in rotations (Tomer and Liebman, 2014; Russelle et al., 2007) . The results for NOx regarding fence BMPs are, however, at least partially an artifact of the juxtaposition of tile-drained land. Grazed lands typically are not tiled for drainage, so higher amounts of fencing correspond to lower levels of tile drainage and, by extension, lower concentrations of nitrate. Indeed, fence BMPs are comparatively low in northwest Ohio where over 50% of the fields are tile drained ( Jaynes and James, 2007) . The BRT model for NOx reads this interaction (Fig. 6c) ; the highest fitted NOx concentrations are where high levels of agricultural land use correspond to low amounts of fence BMPs. However, the model also shows that NOx (as well as TKN) concentrations are reduced across the domain of agricultural land use when fence BMPs are high, a result that suggests the BMPs are having a positive water quality benefit. Best management practices related to conservation tillage had a modest effect on lowering NOx concentration (Table 2) . Conservation tillage has been shown to reduce N loads (Tiessen et al., 2010) , and the mechanism may be through reduced mineralization rates of N retained in the upper soil strata (Al-Kaisi et al., 2005; Gómez-Rey et al., 2012) . Stratification of soil properties is a well-documented consequence of conservation tillage (Triplett and Dick, 2008) , wherein significantly higher concentrations of organic nitrogen and carbon are found in the uppermost (typically 0-5 cm) strata (Dimassi et al., 2013) . Stratification of soil properties may also help explain the negligible effect of BMPs on TP observed here.
Although TP amounts may be similar throughout the tillable soil horizon when conservation tillage is compared with conventional tillage in experimental plots, soil stratification under conservation tillage results in higher amounts of available (i.e., dissolved) phosphorus in the uppermost soil stratum (Triplett and Dick, 2008) . Furthermore, in cold climates, freeze-thaw cycles can mobilize phosphorus from plant residues left on notilled fields (Messiga et al., 2010) . The consequence of this is that the trend of decreasing phosphorus loads achieved by preventing soil loss has stopped and is starting to reverse (Triplett and Dick, 2008; Tiessen et al., 2010; Baker et al., 2014) , and this may be one reason why phosphorus concentrations showed little response to BMPs in this study. Simply put, the reduction in the particulate fraction of TP from soil retention may be offset by losses in dissolved form (Baker et al., 2014; Kleinman et al., 2011) . King et al. (2015) , working in a small agricultural headwater with a notill beans into corn stubble rotation, showed that tile drainage contributed a significant fraction (>40%) of total watershed discharge and a similar fraction of the total watershed phosphorus load because most of the phosphorus coming from tile drains was in the dissolved form. Now consider the importance of WSC in the BRT model for TP, wherein concentrations run abruptly higher in areas with high WSC (Fig. 6a) . That relationship may be related to the fact that fine-textured soils are (mostly) tiled trained or may occur because the potential for phosphorus leaching is higher in fine-textured soils compared with sandier soils (e.g., Bergström et al., 2015; Kleinman et al., 2015) . Either way, the results of the model indicate that phosphorus leaching at the field level should be managed.
One other reason for the apparent muted response of TP to BMPs may be the fact that water quality samples included in this study were collected between June and October and mostly during stable flow periods. Consequently, spring runoff events that carry most of the phosphorus load (Royer et al., 2006) were not included, and data representing summer storm events with high phosphorus concentrations (Lazzarotto et al., 2005) were rare.
Interactions noted from the BRT models suggest that the relationship between habitat quality and water quality is more than simply correlative (i.e., good habitat and water quality cooccur in less disturbed landscapes). For example, excellent habitat quality appears to facilitate nitrification, as inferred by the positive relationship between NOx and QHEI, and the interaction between the QHEI and ammonia loads, wherein for a given ammonia load NOx concentrations increase with increasing habitat quality (Fig. 6b) . The interaction effect between the QHEI and percent agriculture on NOx (Table 2 ) similarly suggests that nitrification of reduced nitrogen from diffuse sources is facilitated by excellent habitat quality. Peterson et al. (2001) demonstrated that headwater streams are capable of retaining and transforming up to half of their received dissolved inorganic nitrogen loads and noted that variability in uptake length was related to depth and current velocity and was fastest in small streams with high surface (stream bed) to volume (flow) ratios. Further circumstantial evidence for habitat mediating water quality is given by the observation that concentrations of TKN, TP, and TSS decrease over the range of the QHEI (Fig. 4) and that this effect occurs across the gradient of agricultural land use (i.e., no interaction between QHEI and %Ag was noted in the BRT models; the three-dimensional modeled response surface for each parameter is a relatively flat plain that slopes down over QHEI across the range of %Ag [see Supplemental Fig. S6]) . Considering that Bukaveckas (2007) demonstrated that nutrient retention of both nitrogen and phosphorus in restored stream channels was greater than in channelized segments and given that most of the headwater network in western Ohio has been channelized, improving stream habitat quality has the potential to significantly improve water quality and reduce nutrient export to downstream waters.
The substrate metric showed a modest positive increase over increasing amounts of fence and tillage BMPs (Fig. 5) . As with NOx, the interaction plot of substrate metric scores against fence BMPs and percent agricultural land use from the BRT model shows that substrate scores improve across the domain of agricultural land use at high BMP levels (Fig. 6d) . For tillage BMPs, the positive effect was more uniform across percent agriculture (i.e., no strong interaction [ Table 2 ]). Although the BMP effect on substrate appears modest, this has to be considered in light of the fact that physiography largely determines the substrate metric score (i.e., whether local surficial deposits are glacial till or lacustrine), as evidenced by slope accounting for most of the deviance (43%) in substrate scores in the BRT model. Relatedly, slope was an important predictor for TKN, NOx, and TSS. Streams draining flat, poorly drained soils (before tile drainage) would naturally tend toward higher concentrations of TKN and TSS and, with tile drainage, NOx.
Conclusions
This study demonstrated that conservation measures have contributed to improved environmental conditions. However, the weak response of phosphorus to BMPs over the recent timeframe begs the question of whether environmental benefits of existing BMPs related to soil conservation have reached an asymptote and clearly demonstrates the need to include dissolved phosphorus in routine monitoring to help gauge the dynamics of phosphorus loads in relation to new or existing strategies. This is especially important given that one of the strategies being explored to deal with the issue of eutrophication is to include rotational tillage (i.e., fall cultivation) on a biannual basis (Liu et al., 2014) . As new strategies are adopted, prospective monitoring studies are needed to gauge their effectiveness and make sure that the environmental gains realized thus far are preserved. Lastly, the results of this study show that stream physical habitat clearly influences water quality, and therefore structural measures that improve habitat function in channelized streams and drainage ditches are a necessary component of efforts to combat eutrophication.
